An Fe diphosphineborane platform that was previously reported to facilitate a high degree of N 2 functionalization is herein shown to effect reductive CO coupling. Disilylation of an Fe dicarbonyl precursor furnishes a structurally unprecedented Fe dicarbyne complex. Several complexes related to this process are also characterized which allows for a comparative analysis of their respective Fe-B and Fe-C bonding. Facile hydrogenation of the Fe dicarbyne at ambient temperature and 1 atm H 2 results in release of a CO-derived olefin.
functionalization. In Fe complexes of this ligand, the polyhaptic BPh moiety can function as a donor and/or an acceptor, thereby making this framework well suited for multi-electron, reductive transformations. For the purposes of CO coupling, we targeted (DPB)Fe complexes with >1 CO ligand. Addition of 1 atm CO to the previously described diiron bridging N 2 complex 10 1 results in initial formation of red-orange (DPB)Fe(CO) 2 2 followed by paleyellow (DPB)Fe(CO) 3 3 (Scheme 1). Prolonged photolysis of solutions of 3 results in loss of CO and regeneration of 2. This conversion is accompanied by binding of a phenylene linker in 2 (Figure 1 ) to give a geometrical motif similar to that observed in the isoelectronic complex (TPB)Fe(CO) (TPB: B((o-i Pr 2 PC 6 H 4 ) 3 ). 12 The asymmetry in the solid-state structure of 2 is maintained in solution as evidenced by the presence of two sharp peaks in its 31 P NMR spectrum at 90.6 and 54.6 ppm ( 2 J PP = 65.3Hz). Given previous work with Fe and Ni complexes of this ligand class, 10, 13 we anticipated that the 3 -BCC interaction in 2 could be hemilabile and participate in an E-H bond activation process. Accordingly, colorless (DPB-H)Fe(H)(CO) 2 4 is formed quantitatively over the course of minutes upon exposure of 2 to 1 atm H 2 at RT. Its 1 H NMR spectrum shows the presence of a terminal Fe-H signal at −7.73 ppm (1H, dt, 2 J HP = 54.4 Hz, 2 J HH = 7.6 Hz) and a bridging Fe-H-B signal at −17.0 ppm (1H, br); XRD analysis establishes its cis-dihydride stereochemistry (see SI).
Complex 2 exhibits two quasireversible waves in its cyclic voltammagram at −1.94 and −2.70 V vs. Fc/Fc + (see SI), prompting us to pursue one-and two-electron chemical reductions. 14 Accordingly, mono-and dianions 5 and 6 were prepared by reduction with K and isolated with [K(benzo-15-crown-5) 2 ] countercations. Structural characterization by XRD analysis shows that both 5 and 6 lack the phenylene interaction that is present in 2 (Figure 2 ). Monoanion 5 adopts a geometry between trigonal bipyramidal (TBP) and square pyramidal ( = 0.44) 15 with a wide (P-Fe-P) = 142.71(2)° whereas dianion 6 is TBP ( = 0.93) with a contracted (P-Fe-P) = 120.60(1)°. The wide (P-Fe-P) in 5 suggests that the unpaired electron resides in an orbital in the P-Fe-P plane; both the rhombic X-band EPR signal and the calculated spin density of 5 support this assignment (see SI). The Fe-B distances in 5 and 6 are nearly equivalent at 2.4192(15) and 2.4099(9) Å, respectively, while the average Fe-P and Fe-C(O) distances contract upon reduction from 5 to 6 (Table 1) . A marked decrease in CO upon reduction of 2 to 5 and 5 to 6 is also observed ( Table 1) . Taken together, these data suggest that the extra electron density in 6 is absorbed largely by increased Fe-CO and Fe-P backbonding rather than increased Fe-B backbonding.
Complexes 3 and 6 as well as the first reported Fe-borane complex, ( 4 -B(mim tBu ) 3 )Fe(CO) 2 7 (mim tBu = 2-mercapto-1-tert-butylimidazolyl), 16 are all 18-electron Fe polycarbonyl complexes, and therefore constitute an informative set for comparison of their Fe-B bonding (Chart 1). Compared with 6, complex 3 has a longer Fe-B distance (2.5263(6) vs. 2.4099(9) Å), a less pyramidalized B center ( (C-B-C)) = 342° vs. 330°), and a less upfield-shifted 11 B NMR signal (20.3 vs. 14.1 ppm). These data indicate somewhat stronger Fe-B bonding in 6 compared with 3, which may be rationalized by the dianionic charge and more electron-releasing Fe center in the former.
Both 3 and 7 are nominally isoelectronic ML 5 Z complexes 17 and their Fe centers could therefore be considered divalent (assuming strong Fe-B bonding) or zero-valent (assuming weak Fe-B bonding). 18 The most striking contrast between 3 and 7 is that the Fe-B distance in 7 is 2.108(6) Å-ca. 0.4 Å shorter than that in 3. We attribute this difference primarily to the greater Lewis acidity of the B center of 7 (though the relative electron richness of the Fe centers may also be a contributing factor). Whereas the B atom in 3 has three C substituents and conjugates into the system of the phenyl group, the B atom in 7 has three electronegative N substituents that contribute little donation owing to the orthogonal orientation of the pyrrolyl groups with respect to the B 2p z orbital. The Lewis acidity of the B atom in 7 is therefore expected to be much greater than that of the B atom in 3. Accordingly, while the Fe center in 7 may be formulated as divalent, the Fe center in 3 is in our view more usefully considered zero-valent, akin to that of Fe(CO) 5 .
Interestingly, the C-O stretching frequencies of 6 are reminiscent of some low-energy bands that have been observed for nitrogenases in the presence of CO (between 1679 and 1715 cm −1 ) 19 which have been assigned to one or more formyl and/or bridging carbonyl ligand(s). The similarly low-energy bands in 6 demonstrate that highly charged, reduced complexes featuring terminal CO ligands may also give rise to such signals.
In addition, the low-energy CO stretches in 6 suggest the possibility that the O atoms may be functionalized with an electrophilic reagent. 20 In situ reduction of 2 with excess K and addition to a −78 °C solution of 2.2 equiv trimethylsilyltriflate (TMSOTf) results in silylation of both O atoms to give the dicarbyne 8 (eq. 1). Since only two terminal Fe carbynes have been reported 20b, 21 and 8 is a unique example of an Fe dicarbyne, its molecular and electronic structures are of particular interest. Although 8 reverts to 2 in solution over several days, the rate of this decomposition is sufficiently slow to allow for solid-and solution-state characterization. (1) Single crystals of 8 contain two molecules in the asymmetric unit and were studied by XRD analysis (Figure 3 Hz). 22 The B atom in 8 is pyramidalized in both the solution and solid states as indicated by the low (C-B-C) = 328° (avg.) and upfield-shifted 11 B NMR signal (6.4 ppm). In addition, the Mössbauer isomer shift of 8 ( = −0.200 mm s −1 ) is substantially more negative than that of 2 ( = 0.087 mm s −1 ), indicating a greater degree of Fe-L covalent bonding in 8 (see SI). Taken together, these XRD, NMR, and Mössbauer data suggest that extensive Fe-C multiple bonding and additional C2-B bonding should be considered when assessing the valence bonding in 8.
To account for these features, we propose several possible resonance structures for 8 ( Figure  3 ). Structures 8A, 8B, and 8C have two dicarbyne ligands, one of which exhibits dative bonding to the pendant borane. Structures 8A and 8B emphasize that a dblock metal does not have enough orbitals to form four independent bonds (as in 8C); 3a, 9d however, 8C may be a valid resonance contributor if either three-center hyperbonding 23 or mixing with Fe 4p orbitals 24 is invoked. Resonance form 8D is distinguished from 8A/B/C in that the B atom in 8D is bonded to one of the carbynes by a two-center "normal" covalent bond, 25 thereby rendering that fragment a zwitterionic Fischer-type carbene with a formal negative charge on the B atom. The Fe-C(OR)-B bonding in 8 may be compared to the M-C(R)-H bonding in -agostic alkylidenes: 26 analogously to 8, the latter class of compounds is characterized by M-C-R angles between 120° and 180°, short M-C distances, and long C-H distances. Whereas -agostic alkylidenes feature attenuated-but significant-1 J CH values, 26 no 11 B-13 C coupling is resolved in the 13 C signal corresponding to C2, suggesting that 1 J BC is low (< 2 Hz, compared with 1 J BC = 49.5 Hz for NaBPh 4 ). 27 Structurally, a boratocarbene ligand as depicted in 8D would be expected to display four B-C bonds of similar length since each C substituent would have sp 2 hybridization; however, the B-C2 distance is ~0.2 Å (avg.) longer than the other B-C sp2 distances (1.65 Å (avg.)). In addition, the average Fe-C distance of all structurally-characterized O-substituted Fischer-type Fe carbenes is 1.90 Å, 28 which is >0.2 Å (avg.) longer than the Fe-C2 distance observed in 8. Given the low value of 1 J BC2 and these structural metrics, we weight resonance contributors 8A/B/C more heavily than 8D.
In order to gain further insight into the bonding in 8, the structures of 8 and a hypothetical, simplified model, (PMe 3 ) 2 Fe(COSiH 3 ) 2 9 were optimized and studied using DFT (M06L/ 6−311+g(d)). The five highest-filled MOs of 9 (Figure 4) include one essentially nonbonding orbital with some degree of Fe-P backbonding (HOMO) as well as four highly covalent orbitals with significant Fe-C bonding (HOMO-1 through HOMO-4). Thus, 9 may be regarded as isoelectronic to known compounds of the form (PR 3 ) 2 Fe(NO) 2 . 29 Although the filled MOs of 8 are more complex than those of 9 owing to the lower overall symmetry of 8 as well as mixing with aryl orbitals, the shapes and ordering of the valence orbitals for the two molecules correlate with good fidelity (see SI). These calculations suggest that the electronic structures of 8 and 9 are largely analogous and that the electronic structure of 8, which includes the additional borane-carbyne interaction, may be considered as a perturbation of that of 9.
The stability of the dicarbyne form of 8 with respect to C-C coupling is in marked contrast to the analogous [(dmpe) 2 M( 2 -(TMSO)C C(OTMS))] + complexes (M = V, Nb, and Ta) which feature C-C-coupled 2 -alkyne ligands (vide supra). 4 Nevertheless, facile C-C coupling is achieved upon RT addition of 1 atm H 2 to solutions of 8, which results in liberation of olefin 10 in moderate yield (43%, avg. of three runs; eq. 2). The hydrogenation of 8 is highly stereoselective, furnishing Z-olefin 10 without any detected E isomer.
Performing the hydrogenation with a mixture of 12 C-and 13 C-labeled 8 gives only 12 C 12 C and 13 C 13 C olefin with no 12 C 13 C olefin, which indicates that the C-C coupling process occurs at a single metal site. Although we have not yet been able to fully characterize the resulting Fe-containing product, there appears to be only one Fe-containing species, which is a paramagnet as indicated by 1 H NMR spectroscopy. Previous examples of reductive CO coupling using Fe are few, 30 and, to our knowledge, the release of an olefin by a hydrogenative CO reductive coupling pathway has not been previously reported for Fe. The aforementioned hydrogenation of [(dmpe) 2 M( 2 -(TMSO)C C(OTMS))] + complexes to release 10 occurs either at elevated H 2 pressures (~8 atm H 2 for M = V) 4c or with the aid of a hydrogenation catalyst (1 atm H 2 and 5% Pd/C for M = Ta). 5 By comparison, hydrogenation of 8 occurs within minutes at 1 atm H 2 .
(2) In summary, we have shown that the (DPB)Fe platform, which was previously studied in the context of N 2 functionalization, 10 also facilitates CO functionalization to furnish a structurally unique Fe dicarbyne complex. Like the Fe aminoimide intermediate in (DPB)Fe-mediated N 2 functionalization, the Fe dicarbyne complex in this report features extensive Fe-L multiple bonding. Initial reactivity studies of this species reveal that it undergoes hydrogenative C-C coupling to furnish a CO-derived olefin. Ongoing studies to map additional details regarding the release of 10 from 8 and to develop conditions for catalytic reductive CO coupling are underway.
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